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a Functional UnitA new study uncovers a novel role for the endoplasmic reticulum in tethering
mitochondria specifically at the tip of the growing bud in Saccharomyces
cerevisiae. Mitochondrial anchoring to the bud tip requires the tethering factor
Mmr1, and the link to the ER is coupled to the cell cycle through
a phosphorylation-dependent mechanism.Heidi M. McBride
Mitochondria and the endoplasmic
reticulum (ER) are functionally
inseparable, forming functional
contacts that ensure lipid flow between
these organelles and also regulate
calcium fluxwithin the cell. Recent data
have highlighted some of the molecular
machinery that governs the
ER–mitochondria contact sites in both
yeast [1] and mammals [2], and
unexpected roles for these contacts
have been identified in mitochondrial
division [3]. Although mitochondria and
the ER have an intimate functional
relationship, there has been no
evidence that they are inherited in
a co-ordinate manner during
mitosis — until now. A new study by
the lab of Liza Pon reported in this issue
of Current Biology now demonstrates
that mitochondrial inheritance in yeast
occurs through a tightly regulated
tethering mechanism that anchors
mitochondria to the cortical ER at the
bud tip [4].
Joined at the Hip
Using super-resolution structured
illuminationmicroscopy (SIM), genetics
and biochemistry, Swayne et al. [4]
report a role for the peripheral
mitochondrial protein Mmr1 as
a tethering factor that links
mitochondria and cortical ER
specifically at the bud tip. Mmr1 was
previously identified as a protein
selectively recruited to mitochondria
within the bud tip [5], but how it
functioned to anchor the mitochondria
in the bud was unclear. It was also
unclear how Mmr1 was selectively
recruited to themitochondria within the
daughter cell. Previous work had
shown that the loss of the protein
phosphatase Ptc1 was required for
mitochondrial inheritance [6,7], leadingto a 50% reduction in the protein levels
of Mmr1. The authors now extend this
finding to show that the remaining
Mmr1 is redistributed to theER,where it
appears in punctate foci throughout the
mother and daughter cell [4]. Notably,
Ptc1 is required to stabilize many of
the class V myosin Myo2 receptors,
including those on peroxisomes,
vacuole and Golgi [7]. This suggests
a common mechanism for selective
protein turnover of these receptor
proteins within the mother cell. One
tempting idea is that there may be
a spatial separation of the kinase/
phosphatase signaling machinery at
the bud neck where cell-cycle
checkpoints are established [8]. As the
mitochondria cross over into the
growing bud, these receptors may
become stabilized and the Myo2 motor
might then be recruited to drive the
organelles to the tip. Once there, Mmr1
would anchor the mitochondria to the
cortical ER, as described by Swayne
et al. [4] (Figure 1). Future experiments
will unravel the details of how this
gradient ofMyo2 receptors on inherited
organelles is generated.
This new discovery that tethers
between the ER and mitochondria
function as a critical force in the
retention of mitochondria in the bud
further fans the fires of the burgeoning
field of inter-organellar contacts. Yeast
have just a few (w5) contact sites
between the ER and mitochondria in
each cell and these contact sites are
mediated by a recently identified
complex called the endoplasmic
reticulum–mitochondria encounter
structure (ERMES) complex [1]. In
addition to the four proteins initially
identified in the ERMES complex, two
studies have recently shown that Gem1
is also a core member of the complex
[9,10]. Gem1 contains Rho-like GTPase
domains and an EF-handcalcium-binding motif, and it has
a human orthologue Miro. Gem1 is
required to regulate the assembly and
function of the ERMES complex [10],
a process that will likely be conserved
in higher eukaryotes. Importantly, does
mitochondrial inheritance also utilize
the ERMES complex in the
Mmr1-mediated selective tethering
event? Swayne et al. [4] could not
address this point, probably because
the components of the ERMES
complex have additional functions that
mean that loss of any of these
components leads to significant
morphological alterations,
complicating the interpretation of
altered inheritance [11]. It therefore
remains possible that Mmr1 provides
the temporal and spatial cues that
direct the more established ERMES
complex to the bud site to anchor the
mitochondria to the ER.
In another recent surprise, the
division of mitochondria was shown to
occur at sites where the ER extends
a tubule that ‘wraps’ around
the mitochondria, defining the site
for the recruitment and activity of the
mitochondrial dynamin-related
protein Dnm1 (in yeast) or Drp1 (in
mammals) [3]. As in the Swayne et al. [4]
study, the authors did not directly
examine the role of the ERMES
complex in the establishment of these
contact sites. The finding that ER
wraps around mitochondria during
fission provides links to the Drp1
machinery, yet it has also been shown
that the fusion machinery is intimately
coupled to the ER in mammalian cells
as well. Work by the lab of Luca
Scorrano demonstrated that the
mitochondrial fusion GTPase Mfn2 is
required to tether mitochondria to the
ER for the regulation of calcium flux
between the organelles [2]. Bringing
the discussion full circle, Mfn2 was also
shown to interact with Miro1, the
human homologue of Gem1, which,
as stated above, is an ERMES
subunit [12]. With this, a functional
triangle emerges that couples
calcium-dependent mitochondrial
Figure 1. Mmr1 anchors mitochondria to the bud tip.
(A) Mmr1 is phosphorylated, and the localization to the bud tip depends upon the phosphatase
Ptc1. In the absence of Ptc1, Mmr1 protein is destabilized and relocalized to the ER
throughout the mother and bud. One hypothesis to explain the selective accumulation of
Mmr1 within the bud tip may be that Ptc1 activity on Mmr1 may be coupled to the transit
across the bud site. (B) A model depicting the three ER–mitochondria contact sites in budding
yeast. The ER is shown in yellow, mitochondrial tubules are in red, and actin cables in
black. The ERMES complex is the primary ER–mitochondria tether within the mother cell.
ER ‘wrapping’ around mitochondrial tubules helps define sites of mitochondrial fission.
Swayne et al. [4] characterize an additional ER–mitochondria contact site that anchors the
mitochondria to the bud tip through Mmr1-mediated tethering to the cortical ER. This model
poses a hypothesis that Mmr1 and Myo2 function selectively within the bud based on the
evidence described in the text. Alternatively, Myo2 delivers Mmr1 to the bud tip in a
Ptc1-dependent manner (see Swayne et al. [4]).
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dynamics. Ultimately, it is likely that the
core tethering complex is activated to
initiate ER–mitochondria contacts
through a variety of regulatory
mechanisms. Indeed, the list of proteins
identified within these contacts is
growing very quickly [13]. Future work
will clarify the molecular regulation and
composition of the ER–mitochondria
contact sites that function in
mitochondrial inheritance, the flux of
calcium and lipid, and in the regulation
of mitochondrial division. The common
theme is that these tethers ensure thatthe bosom buddies of the cell remain
together as a functional unit.
What about the Motor?
While the current work by the Pon lab
[4] has uncovered a new functional
tether between mtiochondria and the
ER, the study also contributes to an
ongoing discussion about the
mechanism of mitochondrial delivery
into the bud. There have been differing
conclusions in the literature
concerning the role of Myo2 in the
delivery and retention of mitochondria
within the yeast daughter bud. Myo2 iscertainly required for the transport and/
or distribution of many organelles into
the bud, including peroxisomes, the
vacuole, Golgi, secretory vesicles, and
mitochondria [14–16]. For each
organelle, there are proposed
organelle-specific receptors for Myo2,
which recruit the motor at specific
stages in the cell cycle, thereby
coordinating the delivery of organelles
in time [17]. However, Myo2 loss did
not affect the velocity of mitochondrial
transport [15,18], which is a strong
argument against a role for Myo2 in
mitochondrial motility. Instead, there
has been evidence for a role of the
actin-polymerizing Arp2/3 complex
in propelling mitochondrial
movement [19]. On the other hand,
a recent study by the Westermann
group [18] has shown that the ectopic
anchoring of Myo2 to themitochondrial
outer membrane was able to rescue
the Myo2 defect in mitochondrial
retention, prompting the authors to
conclude that this motor can direct
mitochondrial transport into the bud. In
addition, these authors detected some
Myo2 on the surface of isolated
mitochondria in vitro by
immuno-electron microscopy,
consistent with a direct role in
mitochondrial segregation.
How can we reconcile these two
views of mitochondrial delivery into the
bud? If Mmr1 is a true receptor for
Myo2 on themitochondria, the absence
of Mmr1 in the mother cell would
explain why Myo2 is not involved in
mitochondrial transport there. Instead,
perhaps the successful delivery of
mitochondria across the bud neck may
require Myo2, and retention at the tip is
through the Mmr1 tethers to the ER. As
described above, the activation of
checkpoint mechanisms at the bud
neck could help facilitate this transition
and provide an entrapment strategy.
The new data from Swayne et al. [4]
suggest another hypothesis: Myo2
delivers Mmr1 to the bud, where Mmr1
then is recruited to mitochondria for
anchoring. Myo2 does mediate the
delivery of cytoskeletal elements and
mRNA into the bud, so there is some
precedent for Myo2 to carry specific
cargoes other than organelles into
the bud.
Relevance of the Bud Tip to
Human Physiology
Finally, although human cells don’t
have a bud, these studies highlight the
existence of mechanisms that can
Dispatch
R951define a subdomain of the ER within
a cell that may be used for the selective
anchoring of mitochondria. The
targeting of mitochondria to the
immunological synapse is one example
of the selective enrichment of
mitochondria within the cell [20]. The
mechanisms of this retention have
not yet been established, but the
results here provide a new hypothesis
to test. Similarly, the delivery of
mitochondria to daughter cells during
asymmetric division has not been
investigated and may be one of the
most obvious areas where these new
insights from yeast may find
resonance. The emerging data in this
area of ER–mitochondria contacts are
providing us with an unprecedented
glimpse into the mechanisms and
regulation of their co-ordinated
function. We look forward to
a resolution of the many new
questions these studies raise.References
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We StandHumans engage in collaborative activities far more often than do members of
any other species. Two recent studies explore why this is the case. Are humans
uniquely motivated to work together?Laurie R. Santos
The Great Pyramid of Giza is an
inspiring testament to the power of
human collaboration. Once the tallest
man-made building on Earth, the Giza
Pyramid was built using incredibly
simple technology. With only some
rope and wood, laborers were able to
raise over six and half million tons of
stone. In a time long before forklifts
and CAD programs, the Egyptians
generated architectural achievementsusing teamwork not technology. Since
that time, our species has made
unprecedented technological
advances, yet the real psychological
force behind our cultural triumphs is
the same. We build impressive things
because we’re good at working
together. The question, though, is why.
How come we’re so good at
collaborating towards shared goals?
Two recent studies [1,2] used
a comparative approach to suggest
a new answer to this question: humansmay be good at collaboration because
we’re uniquely motivated to solve
problems through teamwork.
Our species’ propensity for
collaboration is so ubiquitous in our
daily life that it’s easy to forget just how
unusual we are in this regard relative
to our closest living primate relatives.
The first strange thing about human
collaborative activities is their scope.
In the modern age, humans spend their
days working for large (sometimes
even multinational) organizations. We
derive much of our caloric intake from
the collaboration of large numbers
of people [3]. Our leisure time is spent
on pursuits like sports and theatre,
which require extensive collaboration.
And recent work suggests that our
collaborative tendencies emerge from
a young age [4]. In comparison,
nonhuman primate collaboration
